In vitro cell culture system for adult rod and cone photoreceptor (PR) is an effective and economical model for screening drug candidates against all kinds of age related retinal blindness. Interestingly, adult PR cells have a limited survival in the culture system, thus preventing full exploitation of this in vitro approach for drug screening applications. The limited survival of the adult PR cells in culture is due to their inherently high oxidative stress and photic injury. Mixed valence-state ceria nanoparticles have the ability to scavenge free radicals and reduce oxidative stress. Here, ceria nanoparticles of 5-10 nm dimensions have been synthesized, possessing dual oxidation state (þ3 and þ4) as evident from x-ray photoelectron spectroscopy and exhibiting real time reduction of hydrogen peroxide (H 2 O 2 ) as quantified by absorbance spectroscopy and cyclic voltammogram analysis. Using flow cytometry and cell culture assay, it has been shown that, upon one time addition of 10 nM of nanoceria in the PR culture of the 18 months old adult common carp (Cyprinus carpio) at the time of plating the cells, the oxidative stress caused due to hydrogen peroxide assault could be abrogated. A further single application of nanoceria significantly increases the survival of these fragile cells in the culture, thus paving way for developing a more robust photoreceptor culture model to study the aging photoreceptor cells in a defined condition. 
I. INTRODUCTION
Millions of people over the age of 65 years suffer from age related retinal blindness like inherited retinal degeneration, macular degeneration, diabetic retinopathy, and retinal detachment. [1] [2] [3] [4] [5] [6] An in vitro cell culture model of adult photoreceptor (PR) cells could be an effective and economical tool, to understand the molecular progression of these age related disorders in a controlled environment, and to screen putative drug candidates against these disorders. Currently, very few long term adult photoreceptor cell culture models are a) Authors to whom correspondence should be addressed; electronic mail: mainakd@iitk.ac.in available. [7] [8] [9] [10] [11] [12] [13] Interestingly, in all the existing culture models, there is limited survival of the adult PR cells. The major reasons for such limited survival of PR cells in culture are the following: First, due to the inherent high oxygen metabolism of the PR cells, they are continuously exposed to oxidative stress which is elucidated by the generation of large quantity of free radicals. Second, light exposure leads to photic injury due to the photo-chemical reaction with the chromophores present in the PR cells. Irrespective of the initial cause of damage, the key reason for the PR cell death is the excessive burden of free radicals leading to oxidative stress. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Thus, the critical question is "how to minimize the burden of free radicals in an adult PR culture?." Certain clues could be obtained from few earlier findings, where adult central nervous system neurons have been cultured successfully in a defined system. [26] [27] [28] [29] Studies attempted to culture adult rat or mouse spinal cord motoneuron and hippocampal neurons documented that "autocatalytic cerium oxide nanoparticles offer neuroprotection to adult rat and mouse spinal cord and hippocampal neurons." [26] [27] [28] [29] These studies demonstrated that single dose application of nanoceria at a nanomolar concentration at the time of plating the adult neuronal cells is biocompatible, regenerative, and provides significant neuroprotection and longer survival of the neurons in the culture. [26] [27] [28] [29] The next obvious question is "how ceria acts in an aqueous system and offers neuroprotection?" Cerium oxide nanoparticles offer neuroprotection by exhibiting antioxidative properties. It acts in two putative ways: (1) as an antioxidant enzyme mimetic like catalase mimetic (scavenging hydrogen peroxide) or as a superoxidedismutase (SOD) mimetic scavenging super-oxide species; (2) exhibiting reactive oxygen species (ROS)/reactive nitrogen species scavenging activity. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] The next question is how ceria exhibit antioxidative activity in aqueous solution. A part of the answer lies in the surface chemical features of nanoceria and the subsequent interaction in an aqueous medium. The genesis of current understanding of "action of nanoceria" has evolved from the following three key discoveries made between 2006 and 2011. In 2006, Chen et al. 33 discovered that nanoceria particles offer neuroprotection to the neonatal rat retinal neurons in the primary culture, established from 0-to 2-day-old rat pups. Since the 0-to 2-day-old rat pup neurons have very high regeneration capacity, so it remained a question, whether this study could be translated to grow adult retinal PR neurons in the culture. This question remains unanswered prior to this study. Interestingly, the possibility that nanoceria could be used as a potential tool for the regeneration of the adult central nervous system (CNS) neurons in culture was demonstrated by Das et al. in 2007. 26,27 It was shown that nanoceria help in regeneration of adult rat spinal cord neurons. This study indirectly suggested that ceria nanoparticles have the ability to remove hydroxyl radical formed from hydrogen peroxide in an aqueous medium, thus pointing toward innate peroxide scavenging potential of nanoceria. 26, 27 Four years later, in 2011, "the direct evidence for hydroxyl radical scavenging activity of cerium oxide nanoparticles" was provided by Xue et al. 30, 31 Both these studies used x-ray photoelectron spectroscopy (XPS) to document that ceria in nanodimension exist in dual oxidation state (þ3 and þ4), and have the ability to swap between these two oxidation states in an autocatalytic manner. Thus, the key to free radical scavenging ability of ceria lies in its mixed valence-state. The present understanding is the following: Ceria nanoparticles have unique autocatalytic redox ability to scavenge free radicals and reduce oxidative stress. It mimics the activity of classical antioxidant enzymes like catalase and SOD. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] As discussed in the earlier paragraphs that in terms of testing the possibility of enhancing the life span of adult PR cells in the culture (ex vivo) by treating them with nanoceria was not explored. Since the age related retinal blindness like inherited retinal degeneration, macular degeneration, diabetic retinopathy, and retinal detachment occurs due to the aging of PR neurons, so it is all the more imperative to target this unanswered question: "whether nanoceria could support the long-term survival of adult photoreceptor cells in the culture?" This question was logical and pertinent, since it was shown earlier that nanoceria support the survival of adult spinal cord neurons and neonatal PR neurons in the culture. 26, 27, 33 Thus, in this work, the efficacy of antioxidant ceria nanoparticles in ameliorating the oxidative stress caused to the adult PR cells in culture has been tested. This necessitates the following: (1) synthesis of the ceria nanoparticles; (2) microscopic, spectroscopic, 40, 41 and electrochemical 40, 45 characterization of the ceria nanoparticles; (3) evaluating the survival of the adult PR cells in culture when challenged with hydrogen peroxide (H 2 O 2 ), both in the presence and absence of nanoceria; (4) evaluating the survival of adult PR cells in culture upon priming with ceria nanoparticles at the time of plating the cells.
II. EXPERIMENT
A. Synthesis, reaction mechanism, temperature consideration, and yield of cerium oxide nanoparticles C for 4 h. The reaction vessel was continuously stirred. HMTA acts a capping agent. The resultant white turbid solution was centrifuged at 12 000 rpm for 2 min and washed with milli-Q water and acetone thrice and stored in vacuum desiccator for drying and further used for the experiments. 40 The water used for making solutions was obtained from milli-Q V R integral water purification system (Milli-Q-EMD Millipore system).
The synthesis of ceria nanoparticles can be explained by the following mechanistic pathway. HMTA decomposes to formaldehyde and ammonia in aqueous medium upon heating, thus increasing the hydroxyl ion concentration in the solution. This hydroxyl ions react with Ce 3þ ions of Ce(NO 3 ) 2 Á6H 2 O to form Ce(OH) 3 . Since Ce(OH) 3 is unstable in an aqueous solution and it readily undergoes an aerial oxidation process to produce Ce(OH) 4 in the form of a precipitate. This Ce(OH) 4 is further hydrolyzed to CeO 2 by losing the hydroxyl groups. The reaction is as follows:
The temperature is a critical consideration in obtaining well dispersed ceria nanoparticles. It is well known that the decomposition of HMTA is very slow in room temperature. So, it is very difficult to produce sufficient amount of ammonium hydroxide in an aqueous medium at room temperature. Thus, by increasing the temperature of the solution, hydrolysis of HMTA could be hastened. But the increase in temperature has to be controlled and fixed at around 75 C. At a temperature higher than 80
C, large amount of hydroxyl ions are produced at a rapid pace, resulting in a very basic environment, which causes agglomeration of the product. So, HMTA assisted growth procedure of ceria nanoparticles can be moved in the forward direction by adjusting the reaction temperature at 75 C. Based on the above reaction, the theoretical and actual yield could be calculated. It can be assumed that 1000 ml of 1 M Ce(NO 3 ) 2 Á6H 2 O (MW 434.22 g) can produce 1 M Ce 3þ , which upon subsequent oxidation, followed by hydrolysis, produces 1000 ml 1M CeO 2 , i.e., 172.12 g, as the MW of cerium oxide is 172.12 g. So accordingly, 1000 ml of 1 M Ce(NO 3 ) 2 Á6H 2 O upon hydrolysis by HMTA produces 172.12 g CeO 2 . Thus, 100 ml of 0.025 M solution of Ce(NO 3 ) 2 Á6H 2 O produces 172.12 Â 0.025/10 ¼ 0.403 g of CeO 2 . This is the theoretical yield. The experimental yield of ceria nanoparticles using Ce(NO 3 ) 2 Á6H 2 O upon hydrolysis by HMTA results in 0.290 g* of product. The asterisk (*) indicates the actual yield of pure product. Certain amount of loss is incurred during washing and centrifugation, which is unavoidable. So, the actual yield % is given by the following equation: [(Experimental yield/Theoretical Yield) Â 100%]. Accordingly, the percentage yield for this above described method of synthesis is $71% [(0.290/0.403) Â 100%].
B. Characterization of the cerium oxide nanoparticles
The shape of the particles was characterized using high resolution transmission electron microscopy (HRTEM) using JEOL transmission JEM2000FX system, having a STM equipped with a Quantum detector. The crystal structure and the particle size of the synthesized nanoceria were determined by powder x-ray diffraction (XRD) using a PANanalytical XRD system. The surface chemical features of the synthesized particles were explored using XPS analysis using PHI 5000 Versa Probe II, FEI, Inc.
C. Studying the quenching of hydrogen peroxide by ceria nanoparticles using absorption spectroscopy 45 This technique has been adopted here to study the peroxide quenching ability of ceria. In the control experiment, pure H 2 O 2 (Fisher Scientific, Mumbai, India; 18755/ 066141013) was reacted with 0.2 g V 2 O 5 (S.D. fine Chem., Ltd., Mumbai, India; L99a/0884/0899/31) in 100 ml 0.5 M H 2 SO 4 (Sigma-Aldrich, USA; CAS No.: 7664-93-9), and the absorbance spectrum was recorded at 454 nm. In the test sample, 100 mg nanocerium was incubated along with same quantity of H 2 O 2 , and to this mixture, 0.2 g V 2 O 5 in 100 ml 0.5 M H 2 SO 4 was added. The absorbance spectra of control and the test sample were compared.
D. CV analysis to verify the reduction of hydrogen peroxide by nanoceria
Cyclic voltammogram (CV) analysis was performed to study the peroxide quenching ability of nanoceria by reducing peroxide molecules. The working electrode was prepared with cerium by spraying 30 mg of nano-CeO 2 (prepared by mixing and sonicating in 3 ml isopropyl alcohol and 30 ll of 6Â diluted nafion [solution for 3 h, where nafion (Sigma-Aldrich, USA; MKBP9895V/70160-25m) functions as a binder] on one side of the indium tin oxide (ITO) sheet. ITO sheets were obtained from Techinstro, Nagpur, India (TIX005). Phosphate buffer saline (PBS) was freshly prepared and used as the electrolyte, and the pH was adjusted at 7.4. Epsilon Basi C3 cell stand with a conventional three electrode configuration was used for recording the CV, where Ag/AgCl was used as the reference electrode and platinum as the counter electrode. CV was performed at different scan rates from 10 to 300 mV/s between a voltage window of À0.8 to 0.8 V.
E. Rod and cone PR cell culture from the common carp (Cyprinus carpio) and H 2 O 2 treatment
The PR cells were isolated from adult carp. The detailed protocol for isolation and culture has been documented in an earlier work by Bhargava et al. 12 The overall procedure from dissection to cell plating is shown schematically in Fig. 1 . Adult carp fishes are maintained in the laboratory aquarium under optimal conditions as described earlier. 12 Approximately 18 000 live PR cells could be harvested from one pair of adult carp retina, as reported earlier by Bhargava et al. 12 At the time of plating, 3000 PR cells were seeded on each coverslip, having a dimension of 22 Â 22 mm 2 . Since these cells have an elongated morphology, a low density culture ($6 cells/mm 2 ) was followed, so that cells get optimal space to spread out and grow. The cells were plated on concanavalin A substrate. The concanavalin A plates were prepared 6 h prior to start of the culture. Cells were dissected from the adult carp retina and maintained in L15 medium (500 ml) supplemented with B27 (10 ml), glutamax (5 ml), and antibiotic and antimycotic (5 ml) in ambient environment without any additional requirement of carbon dioxide incubator. The relative humidity was maintained at 80%. 12 The cultures were divided into two groups, viz., control and ceria treated (10 nM). Nanoceria treatment was given only once, at the time of plating the cells. Hydrogen peroxide (H 2 O 2 ) treatment was done one day after the culture has stabilized. An earlier study by Bhargava et al. on adult PR cells showed that cells adhere and stabilized during first 24 h after plating. 12 Thus, all the assays are performed once the plated population stabilized in the culture. A 30 lM of H 2 O 2 treatment was given and left for 1 h. After 1 h, the flow cytometry assay was performed to evaluate the live and dead cells. There were four different groups which were assayed, viz., control, control þ H 2 O 2 , ceria, and ceria þ H 2 C for 15 min. CM-DCFDH-DA is a fluorescent probe which binds to the ROS. The cells were washed, resuspended in 500 ll PBS, and transferred to fluorescence-activated cell sorting tubes. The fluorescence intensity of CM-DCFDH-DA was monitored at the FL-1 channel and 10 000 events were collected per sample; whereas in FL-2 channel the fluorescence intensity of PI þ cells were recorded (10 000 events were collected per sample).
G. Rod and cone photoreceptor culture assay
Cell culture assay was performed for control and control þ ceria (10 nM) treatment. Ceria treatment was given only once at the time of plating the cells. Equal number of cells was plated in both the cultures. (Cell plating density is described in earlier paragraph.) The data were sampled from five independent cultures. The cells were maintained for 6 days, and the viable cells were quantified at day 6, using live dead assay kit (Cat # L3224, ThermoFisher Scientific). The methodology for using the assay kit is provided by the manufacturer. The live PR cells showed green fluorescence, when incubated with the dye for 15 min. The green fluorescent labeled live PR cells are counted for analysis. The cells were visualized using fluorescent Zeiss inverted microscope.
III. RESULTS
A. Nanoceria synthesis Nanoceria were synthesized by a low temperature (75 C), low energy intensive route using HMTA as a capping agent. The reaction mechanism, significant of the temperature consideration and the theoretical/experimental yield, has already been discussed in Sec. II. Here, it is noteworthy that, in one of the earlier work by Ujjain et al., nanoceria were synthesized by the above route, to develop an ultrasensitive electrochemical sensor for detecting trace amount of hydrogen peroxide. 40 
B. HRTEM, XRD, and XPS analyses
HRTEM image showed that the average particle size varies between 5 and 10 nM and have rhomboidal morphology with rounded corners and smooth texture. Such rounded corners and smooth texture are desirable features since these minimize any form of physical or mechanical damage to the cells [ Fig. 2(a) ]. Earlier few researchers have observed cellular toxicity with ceria particles, which were either procured from commercial vendors or synthesized at higher temperature, thus resulting in particles having sharp edges because of high temperature synthesis. On the contrary, a low temperature synthesis could result in harnessing the benefits of these particles.
In the HRTEM method, nanoparticles may aggregate, and it is hard to distinguish the nanoparticles boundaries to calculate the exact particles size. So, one of the approach would be to use powder x-ray diffraction (PXRD), which is one of the accurate technique to analyze the crystallite size. The Scherrer equation (Dp ¼ 0.94k/b 1/2 Cosh) was used to calculate the crystallite size, where Dp is the average crystallite size, b is the spectral line broadening [full width at half maximum (FWHM)], h is the Bragg angle, and k is the x-ray wavelength. The crystallite size of the synthesized CeO 2 is 8.32 nm calculated using the Scherrer equation from the XRD peak positioned at 2h ¼ 28.53 with FWHM 1.03
[refer to Fig. 2(b The XPS analysis shows that Ce þ4 and Ce þ3 coexisted on the surface [ Fig. 2(d) ]. In the Ce3d XPS of CeO 2 nanoparticles, due to the spin-orbit coupling, ten peaks have been analyzed, as per the convention. The standard notations of these bands are v 0 , v, v 0 , etc. So, due to the standard notation of bands originating from spin-orbit coupling, the above notations have been used. 37 Interestingly, a rising background was observed in the XPS spectra. The reason for the rising background is the following: In the XPS analysis, the electrons from deeper below the surface lose energy and emerge with reduced kinetic energy (increased apparent binding energy). Electrons very deep in surface lose all energy and cannot escape. The background is formed by the electrons that undergo inelastic loss processes before emerging. XPS spectra show characteristic "stepped" background (the intensity of the background toward higher binding energy is always greater than that toward lower binding energy) as observed in the present case, as earlier documented in the literature. 
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C. Visualizing hydrogen peroxide quenching by nanoceria using absorbance spectroscopy
In the control experiments, pure H 2 O 2 was allowed to react with V 2 O 5 , thus resulting in the formation of peroxovanadate complex. This complex exhibited a characteristic absorbance at 454 nm [ Fig. 3(a) , blue color bar]. On the other hand, in the test sample, along with "H 2 O 2 þ V 2 O 5 ," nano-CeO 2 was added. A significant reduction in the absorbance was observed [ Fig. 3(a) , green color bar], thus signifying considerable reduction in the formation of the peroxo-vanadate complex. This result indicated the peroxide quenching ability of CeO 2 .
D. Real time quantification of hydrogen peroxide reduction by nanoceria using CV The electrocatalytic ability of the ceria was further studied for the H 2 O 2 redox reactions. In Fig. 3(b) , the CV for the CeO 2 electrode is recorded under optimal conditions. In Fig. 3(c) , the CV was recorded before and after injection of H 2 O 2 . As observed here, the peak current magnitude for the redox couple at the CeO 2 electrode increased significantly, after the addition of peroxide. This clearly suggested that peroxide oxidation is facilitated by CeO 2 .
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E. Rod and cone photoreceptor culture
Earlier, a simple adult PR culture assay was developed for rapid and economical screening of different pharmacological molecules. 12 The cells were isolated from the dissected retina of the adult fish (C. carpio). These cells exhibited the preference to grow on lectin (Concanavalin A) substrate. The cells were maintained in ambient environment. This culture does not require carbon dioxide incubator for buffering, thus making it a robust system to work. 12 
F. Flow cytometry assay
Since nano-CeO 2 , efficiently reduces peroxide, the efficacy of CeO 2 in protecting the PR cells against H 2 O 2 -induced cell death was evaluated using flow cytometry. The assay was performed with five different adult PR cell samples obtained from five different adult carp retina. PI-based flow-cytometry assay was used as described in Sec. II. Four different groups were assayed, and the representative flow cytometry results are shown in Fig. 4(a) . The four groups were: (a1) control; (a2) and a left shift is observed in all the cases. The next question was "does peroxide scavenging ability of ceria offers longer survival of the adult PR cells in the culture?" In Sec. III G, the cell culture studies have been discussed.
G. Photoreceptor survival in culture
Two population of cultures were maintained, viz., control and ceria treated. At day 6, the cultures were evaluated for the survival of the rod and cone cells. The ceria treatment at the time of plating the cells resulted in significantly higher survival of both rod and cone cells in the culture day 6. Ceria fortification at the time of plating the cells is possibly reducing ROS damage caused to the cells (Fig. 5) .
IV. DISCUSSION
The results of the current study have been discussed under the following framework of observations:
(1) translating the ex vivo application of nanoceria from neonatal PR cells 33 to adult PR cells; (2) the consilience of the role of ceria in two classes of vertebrates, viz., mammals and fish; (3) emerging evidences of significant role of nanoceria in the adult central nervous system culture; (4) ceria supplementation in cell culture medium for adult CNS culture and for organ preservation and transport; (5) ceria fortification for survival in extreme environment.
The overall summary of the discussion has been shown graphically in Fig. 6 .
A. Translating the ex vivo application of nanoceria from neonatal PR cells to adult PR cells
The premise of this study is to test "whether nanoceria could support the long-term survival of adult photoreceptor cells in the culture, since earlier it has been shown that it supports survival of neonatal PR cells 33 in culture." The present findings showed that ex vivo adult PR survival is significantly enhanced upon fortification with nanoceria. Here, it is worth mentioning that the adult PR cell culture is by far one of the most challenging adult CNS culture due to the extreme vulnerability of the adult PR cells to severe oxidative stress, photic injury, and physical injury during cell isolation process. Further the present findings support the emerging concept that nanoceria could be a potential therapeutic molecule to fight against the age related retinal blindness since it offers neuroprotection to the adult PR cells. The earlier studies which were performed on understanding the antioxidant role of ceria were carried out in mammalian systems. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] In the present study, similar antioxidant activity was observed in adult fish PR neurons. This offers a new experimental animal tool to explore the long-term genetic effects of nanoparticle treatment. If future, this study could be easily translated to zebra fish, whose genome is well characterized, thus offering an opportunity to study multiple generations, epigenetic influences, and dissecting multiple gene interactions.
C. Emerging evidences of significant role of ceria in the adult central nervous system culture The present study was inspired from the fact that autocatalytic cerium oxide nanoparticles offer neuroprotection to adult rat and mouse spinal cord and hippocampal neurons. [26] [27] [28] [29] This is the third kind of adult CNS neuron, viz., adult photoreceptor neurons, which upon ceria priming, survives longer in culture. These evidences are pointing toward the fact that ceria is a potential neuroprotective agent for the acute in vitro adult neuron culture models, which lacks the supporting cellular architecture equipped with antioxidant enzymes like superoxide dismutase (SOD), catalase, and glutathione peroxidase. Further more and more adult CNS culture models will be fruitful in addressing the age related neuronal maladies.
D. Ceria supplementation in cell culture medium for adult CNS culture and for organ preservation and transport
Following up the strings from the previous point, in future, ceria could be a potent "cell culture medium supplement," for routinely growing adult CNS neurons. Thus, this approach of ceria fortification at the time of plating the cells offers the researchers a prolonged developmental window to explore the cellular and molecular aspects of the rod and the cone cells in the defined culture system. Further the antioxidative potential of ceria could be exploited in organ preservation and long distance transport where oxidative stress is a major challenge. 48 
E. Ceria fortification for survival in extreme environments
Recent in vivo studies has shown that in the brain, it promotes neurogenesis and abrogate hypoxia-induced memory impairment and protect rodent lungs from hypobaric hypoxia-induced oxidative stress and inflammation. 41, 44 V. CONCLUSION Here, it has been shown that fortification of the adult photoreceptor culture with a single dose of nanoceria at the time of plating the cells significantly increases the survival of both rod and cone cells. Thus, this system could find applications in understanding the basic photoreceptor physiology as well as in high throughput drug screening against all kinds of age related retinal blindness.
